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None of the previous studies on aging have tested the influence of action with respect
to the degree of interaction with the environment (active or passive navigation) and the
source of itinerary choice (self or externally imposed), on episodic memory (EM) encoding.
The aim of this pilot study was to explore the influence of these factors on feature binding
(the association between what, where, and when) in EM and on the subjective sense of
remembering. Navigation in a virtual city was performed by 64 young and 64 older adults in
one of four modes of exploration: (1) passive condition where participants were immersed
as passengers of a virtual car [no interaction, no itinerary control (IC)], (2) IC (the subject
chose the itinerary, but did not drive the car), (3) low, or (4) high navigation control (the
subject just moved the car on rails or drove the car with a steering-wheel and a gas pedal
on a fixed itinerary, respectively). The task was to memorize as many events encountered
in the virtual environment as possible along with their factual (what), spatial (where), and
temporal (when) details, and then to perform immediate and delayed memory tests. An
age-related decline was evidenced for immediate and delayed feature binding. Compared
to passive and high navigation conditions, and regardless of age-groups, feature binding
was enhanced by low navigation and IC conditions. The subjective sense of remembering
was boosted by the IC in older adults. Memory performance following high navigation was
specifically linked to variability in executive functions.The present findings suggest that the
decision of the itinerary is beneficial to boost EM in aging, although it does not eliminate
age-related deficits. Active navigation can also enhance EM when it is not too demanding
for subjects’ cognitive resources.
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INTRODUCTION
Episodic memory (EM) contains specific events of one’s life and
enables humans to travel back in personal time to re-experience
events. Retrieval depends on the successful “recollection” of the
features of the original event, such as the time, place, people,
emotional, and idiosyncratic as well as sensorimotor aspects of
that event (Tulving, 2002). Much of what people remember in
everyday life refers to actions they carried out in a complex envi-
ronment. For instance, during the recall of a walk in the streets of
a city, several components are associated in EM: what happened
(e.g., “meeting Charles”), and the corresponding items referring
to elements (buildings, people) of the environment; perceptual
features (details); internal feelings, thoughts; spatial (“where”);
and temporal (“when”) situation and also self-performed actions.
The process of integrating the core content (what happened) with
other contextual features of an event into a cohesive memory rep-
resentation is a key feature of EM, and is designated as “binding.”
This mechanism makes it possible to form connections that give
a memory its specificity and distinctiveness (Johnson et al., 1993;
Naveh-Benjamin, 2000; Hommel, 2004; Van Asselen et al., 2006;
Kessels et al., 2007; Mitchell and Johnson, 2009).
Older adults often have difficulty retrieving specific events from
their personal past, providing general information instead (Levine
et al., 2002; Piolino et al., 2002, 2006, 2010; Martinelli et al., 2013).
Moreover, in laboratory settings, they show difficulty in learning
new items (Albert, 1994; Luo and Craik, 2008), and in determin-
ing in which experimental context they had encoded a previously
encountered item [see Johnson et al. (1993) for review]. The
memory for spatial context (Kessels et al., 2007) as well as for
temporal context (Fabiani and Friedman, 1997) declines with age.
Elderly people generally perform better on tests of item mem-
ory than on tests that require feature binding (Spencer and Raz,
1995; Chalfonte and Johnson, 1996; Mitchell et al., 2000; Kessels
et al., 2007; Mitchell and Johnson, 2009). These deficits have been
mainly associated with age-related effects on both the associative
and strategic components of EM (Moscovitch, 1992; Shing et al.,
2008; Piolino et al., 2010). The associative component refers to
binding mechanisms based on the medial temporal lobe including
the hippocampus (Zimmer et al., 2006). The strategic component
refers to cognitive control processes based on prefrontal regions
that monitor memory functions at both encoding and retrieval
(Simons and Spiers, 2003).
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One way to improve EM in laboratory settings is to give older
participants encoding instructions that favor the link between a
content and its context (Naveh-Benjamin et al., 2004, 2005; Glisky
and Kong, 2008) or to add an environmental support at encoding
that can serve as a compensatory strategy for deficient memory
processing [see Glisky (2001), Naveh-Benjamin et al. (2002), and
Luo and Craik (2008) for reviews]. One encoding strategy that has
been considered as one of the most effective in recent decades is
the enactment effect that consists in enhancing memory by link-
ing implicitly or explicitly the information to be remembered with
personal actions (Engelkamp et al., 1994; Engelkamp, 1998; Zim-
mer and Cohen, 2001; Earles and Kersten, 2002; Earles et al., 2004;
Madan and Singhal, 2012).Typically, in action memory paradigms,
memory for actions is enhanced if they are actually performed dur-
ing encoding [subject-performed task (SPT)], compared to verbal
encoding, even in older adults (Feyereisen, 2009). The mecha-
nisms responsible for the enactment effect are still under debate.
Some authors consider that the multimodal nature of a “move-
ment” may reinforce item-specific information by enriching its
encoding specificity, thereby acting as an additional retrieval cue
(Engelkamp, 1998), while others argue that the benefit of action is
due to the involvement of self goal-directed activities rather than
motor activities per se (Kormi-Nouri, 1995). As action is always
embedded in an intention to interact with the environment, rather
than just a movement (Berthoz, 2003), acting in accordance with
a decision therefore seems to benefit memory performances by
improving the distinctiveness of mnesic traces (Viard et al., 2011;
Voss et al., 2011).
Virtual reality is now considered as particularly relevant to
test cognition in naturalistic and controlled situations with dif-
ferent levels of immersion (Bohil et al., 2011; Mueller et al.,
2012; Zawadzki et al., 2013). Strong concordance with real-world
abilities is a notable benefit of virtual reality (VR) technology
(Schultheis et al., 2002; Plancher et al., 2010, 2012). Because the
critical purpose of VR is to allow users to carry out cognitive and
sensorimotor activities while being immersed in an artificial world
(Schultheis et al., 2002; Fuchs et al., 2006), VR appears as a good
tool to investigate the enactment effect on EM in complex situ-
ations (Brooks et al., 1999; Sauzéon et al., 2011; Plancher et al.,
2012). Yet, VR-based research has long been used to study large-
scale spatial skills in young (e.g., Maguire et al., 1997; Carassa
et al., 2002; Lambrey et al., 2008; Galati et al., 2010; Iglói et al.,
2010; Barra et al., 2012; Gras et al., 2013) and older adults (Lövden
et al., 2005; Iaria et al., 2009; Moffat, 2009; Head and Isom, 2010;
Bohbot et al., 2012; Klencklen et al., 2012; Gyselinck et al., 2013;
Taillade et al., 2013), rather than the memory of complex episodes.
While there has been a substantial amount of VR research on spa-
tial learning comparing active vs. passive navigation, contradictory
results have been reported, with some studies showing a positive
effect of active navigation (Brooks et al., 1999; Péruch and Wilson,
2004; Wallet et al., 2011; Plancher et al., 2012), others reporting no
benefits (Wilson, 1999; Gaunet et al., 2001; Foreman et al., 2005;
Plancher et al., 2008), or even a negative effect (Sandamas and
Foreman, 2003; Taillade et al., 2013).
In the domain of VR-based EM study, several researchers have
used virtual immersion to assess item memory (e.g., objects) (Par-
sons and Rizzo, 2008; Sauzéon et al., 2011; Widman et al., 2012),
or item memory in association with contextual information (e.g.,
the character, the location, and the moment associated with each
object) (Burgess et al., 2001, 2002; Rauchs et al., 2008; Plancher
et al., 2010, 2012, 2013). For instance, using a simulation of the
California Verbal Learning Test in a virtual apartment (HOMES
test), Arvind-Pala et al. (2014) confirmed poor recall, but bet-
ter recognition, and intact clustering and proactive interference
effects for item memory in older adults. In another study inves-
tigating age-related EM deficits of real-life events encountered in
a virtual town, Plancher et al. (2010) showed that older adults
recalled poorer episodic bindings compared to younger adults,
regardless of the mode of encoding (intentional or incidental).
Interestingly, some VR-based studies investigated the benefit of
active navigation (compared to passive navigation) on subsequent
EM performances. For instance, comparing participants assigned
to a free active navigation using a joystick with participants in a
passive condition, Brooks et al. (1999) found that the active con-
dition improved the recall of spatial layout, but not the recall of
objects seen during navigation. The authors attributed the benefit
of action to an additional motor trace that increases specificity
of the memory, but argued that it was limited to aspects of the
virtual environment (VE) that are directly targeted by the interac-
tion (here the spatial layout). More recently, Sauzéon et al. (2011)
found that EM for objects placed in the rooms of two virtual apart-
ments (HOMES test) was enhanced by active compared to passive
navigation. Active participants had better item-specific measures
such as learning and recognition, compared to passive partici-
pants, and they made fewer false recognitions. A similar beneficial
effect of active navigation was reported by Plancher et al. (2012)
in aging. Active navigation as a driver of a car, compared to passive
navigation as a passenger, in the same participants, boosted fea-
ture binding (what–where–when) in healthy elderly participants
and in patients with mild cognitive impairment and to a lesser
extent in patients with Alzheimer’s disease. Nevertheless, there was
a negative effect of active navigation on recall of perceptual details
associated to elements (e.g., a car accident). Overall, the benefit
of active navigation was assumed to result from the enrichment
of item-specific processing (Sauzéon et al., 2011; Plancher et al.,
2012, 2013), and the appropriateness of perceptive-motor traces
at encoding for a specific memory task (Brooks et al., 1999; Wallet
et al., 2011), while the detriment could depend on the level of com-
plexity of the active navigation (Gaunet et al., 2001; Wilson and
Peruch, 2002; Wolbers and Hegarty, 2010; Plancher et al., 2012).
In some cases, active navigation might require additional cogni-
tive resources that are not fully available for the encoding process,
leading to a detrimental effect on some aspects of EM.
According to some authors (Wilson, 1999; Bakdash et al.,
2008; Chrastil and Warren, 2012), the inconsistent results con-
cerning the active–passive effect during virtual navigation on
subsequent memory might be due to discrepancies in the experi-
mental designs, notably with regard to the manipulation of control
differing in terms of sensorimotor stimulation and its confound-
ing effects with psychological activity (planning, decision-making,
and attention). In this line of research, Bakdash et al. (2008)
demonstrated in young adults that spatial performance was com-
parable when the VE was learned with decision-making in the
absence of motor control or decision-making and motor control,
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but was much worse when only motor control was present. They
concluded that decision-making is an essential cognitive process
in active navigation that impacts spatial memory. A more recent
VR-based EM study aspired to disentangle these two compo-
nents of action on items and spatial memory in young adults
(Plancher et al., 2013). It was found that both conditions enhanced
subsequent spatial memory compared to passive navigation, but
motor interaction produced worse memory for items, unlike
decision-making.
In continuity with these two previous studies, the objective
of the present one was to test how different components of action
control at encoding (active navigation and decision) may influence
feature binding EM performance (item plus context) and effect of
aging. We used a computer-based simulation to manipulate the
degree of interaction at encoding, and investigate subsequent EM
in groups of young and older adults in: (1) a passive condition
(where the subject was just immersed as the passenger of a car,
i.e., no active navigation, no decision); (2) an itinerary condition
(the subject was immersed as a passenger and chose the itinerary
but did not drive the car); (3) a low active navigation condition
(the subject moved the car on rails, but the itinerary was fixed);
and (4) a high active navigation condition [the subject drove the
car using the usual driving mode (a steering-wheel and pedals),
but the itinerary was fixed]. The latter two navigation conditions
differed in the degree of interactive sensorimotor engagement, but
more especially they differed in the degree of executive/attentional
load. On the one hand, higher navigation control adds sensorimo-
tor interaction, which could help EM, but it also makes driving
more complex in the VE, requiring a higher level of attentive-
ness (Blankertz et al., 2010) and thus could be detrimental for
EM, especially in older adults. It has been shown that age-related
memory differences after active navigation are mediated by exec-
utive functions (Taillade et al., 2013). On the other hand, the low
navigation condition involves lower sensorimotor interaction, but
it also adds an environmental support at encoding (driver assis-
tance) that could compensate for deficient memory processing
(Craik, 1986; Luo and Craik, 2008). Finally, given that the itin-
erary control (IC) condition involved only right/left decisions, it
was assumed that this condition would engage the same amount of
cognitive resources as the low active navigation condition. We thus
mainly expected: (1) a large decline with aging for feature bind-
ing EM performance; (2) a beneficial effect for both age-groups
of IC and low active navigation conditions, in comparison with
the passive and the high active navigation conditions; and (3) a
possible reduction of age-related decline in the decision and low
active navigation conditions.
MATERIALS AND METHODS
PARTICIPANTS
One hundred twenty-eight volunteers, 64 young, and 64 elderly
adults (32 males and 32 females in each group, mean age 27 years,
ranging from 19 to 40 years old for the young adults and a mean age
of 65 years, ranging from 52 to 78 years old for the older adults)
took part in the study. All had normal or corrected-to-normal
vision and had a driving license. They provided written informed
consent, and were paid for their participation. The local ethi-
cal committee of the CNRS approved the experimental protocol.
Volunteers were divided into 4 groups of 16 in each age-group. All
participants were tested individually and in only one condition.
All participants were unmedicated, living at home,and screened
for absence of history of alcohol or substance abuse, head trauma,
major disease affecting brain function, depression (BFS self-rating
mood scale, Von Zerssen et al., 1974), and abnormal general cog-
nitive functioning as assessed by the Mini Mental Scale (Folstein
et al., 1975). Lastly, both age-groups were matched according
to their verbal abilities and crystallized intelligence as assessed
by the Mill Hill test (Deltour, 1993; a multiple-choice synonym
vocabulary test).
BRIEF COGNITIVE ASSESSMENT
To assess that general cognitive abilities were well matched across
participants assigned to the four conditions, they were screened
using a brief battery assessing cognitive functions that comprised:
(1) The verbal and visual memory subscales of the clinical memory
scale MEM-III (Wechsler, 2000). In the verbal memory subscale,
participants heard a story and had to memorize its content. They
then underwent immediate and delayed recalls. In the visual mem-
ory subscale, participants were asked to memorize pictures of
visual scenes with different people doing different things. They
then had to recall the elements making up the scene together with
their spatial location, immediately and after a delay. We recorded
two global scores, one of verbal memory (out of 50) and the other
of visual memory (out of 64); (2) Working memory was assessed by
computerized forward visuo-spatial span and short-term feature
binding span (Picard et al., 2012). In the latter task, participants
had to memorize increasingly long strings of objects associated
with a specific spatial context (area of a grid) after having men-
tally associated the picture of an object displayed below the grid
with its location in the grid according to a color code. We recorded
a mean score of the two span tasks. (3) The Trail-Making Test
(Lezak et al., 2004) was used as a measure of shifting. A score was
computed by subtracting the response time for part A from part B.
The results are presented in Table 1. Finally, the older participants
were also screened for their subjective memory complaints (CDS,
McNair and Kahn, 1983).
EXPERIMENTAL VR EPISODIC MEMORY ASSESSMENT (VR–EM TEST)
Material
A virtual town (see an example of a view, Figure 1A) was built
with Virtools Dev. 3.0 (www.virtools.com) and was projected via
a PC (DELL PRECISION M6300) on a large SONY screen (Reso-
lution 1932*1080) covering 66° of the visual field in a first-person
perspective. The VE was projected 150 cm in front of the partici-
pants who were seated in a comfortable chair at the center of the
screen.
To develop a full measure of EM retrieval, a rich virtual town
was created by the Memory and Cognition laboratory at Paris-
Descartes University (EditoMem and SimulMem). It was com-
posed of buildings, people, cars, different typical objects of a town
(barriers, lampposts, etc.), and several intersections (where par-
ticipants could decide or were constrained to turn left or right)
and background noise of the city. EM was solicited by an environ-
ment composed of 16 different scenes, such as the supermarket,
the post office, the town hall, a car accident, representing the main
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Table 1 | Description of the population as a function of age and experimental condition.
Experimental conditions ANOVAs
Passive (1) Itinerary control (2) Low navigation control (3) High navigation control (4) Group effect Condition effect Interaction
YA OA YA OA YA OA YA OA F(1,120) F(3,120) F(3,120)
Participants (N ) 16 (8F; 8M) 16 (8F; 8M) 16 (8F; 8M) 16 (8F; 8M) 16 (8F; 8M) 16 (8F; 8M) 16 (8F; 8M) 16 (8F; 8M)
Age 25.68 (2.91) 64.18 (6.67) 25.25 (4.66) 65.68 (6.94) 24.00 (2.55) 65.62 (5.77) 28.25 (6.76) 65.18 (8.02) 1452.95*** 0.71 1.00
η2=0.92 η2=0.01 η2=0.02
Mill Hill 36.12 (2.87) 37.75 (6.67) 32.91 (4.14) 35.87 (5.84) 36.31 (5.34) 37.00 (5.44) 33.93 (5.16) 34.81 (5.64) 5.27* 1.72 0.37
η2=0.04 η2=0.04 η2=0.00
CDS – 43.35 (21.01) – 40.50 (14.55) – 46.75 (17.33) – 39.60 (18.87) 0.35
η2=0.01
Verbal memory 29.93 (4.89) 23.43 (8.35) 28.50 (6.42) 24.31 (5.95) 32.18 (5.60) 23.37 (5.84) 27.81 (5.30) 24.81 (7.30) 21.18*** 1.09 0.68
η2=0.15 η2=0.02 η2=0.01
Visual memory 86.32 (14.50) 53.12 (22.86) 84.50 (20.30) 56.00 (23.14) 91.50 (15.91) 57.43 (13.51) 82.68 (22.25) 53.56 (17.81) 85.12*** 0.64 0.17
η2=0.41 η2=0.01 η2=0.00
Working memory 12.44 (1.99) 9.62 (2.18) 11.43 (1.63) 9.94 (2.20) 12.81 (1.47) 9.12 (1.41) 11.00 (1.59) 9.31 (1.78) 57.43*** 1.76 2.56
η2=0.32 η2=0.04 η2=0.06
Executive functions
(TMT B-A, sec)
17.00 (10.65) 30.82 (16.72) 26.18 (10.41) 37.83 (27.47) 17.02 (6.18) 29.04 (16.86) 24.12 (13.99) 46.95 (37.93) 18.22*** 1.16 0.50
η2=0.13 η2=0.02 η2=0.01
***p<0.001, **p<0.01, *p<0.05.
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FIGURE 1 | Example of a screenshot (A) and map of the virtual town with
main elements located on the map (B). Since the environment was built
symmetrically, wherever “itinerary choice” participants turned they always
saw the same elements. S, supermarket; car accident; B.S, bus stop;
T, tobacco shop; P.O, post-office; C.H, city hall; P, public parking lot; B.D,
business district; R.S, road safety sign; K, kebab shop; G.S, grocery store;
C.M.W, two cars in the middle of the road; R, restaurants; S, train station;
F.A, action against famine sign; E.P.L, external parking lot.
landmarks and salient events, each scene comprising prominent
associated elements (e.g., a man in a suit walking in front of the
post office). The scenes were mainly located at the intersections
when the participants were stopped at the traffic lights (for 5 s) or
in the middle of the road (e.g., the car accident). The saliency of
scenes and associated elements was validated based on our previ-
ous VR studies in young and older adults (Plancher et al., 2010,
2012, 2013). Importantly, the virtual town was built symmetri-
cally (see Figure 1B) so that regardless of the direction taken by
the subjects at the intersection (either a left or a right turn), they
saw the same thing.
The material used for the driving was composed of a steering-
wheel allowing control of the vehicle inside the VE, and the pedals
allowing participants to control speed.
Procedure
Participants were tested individually. The experimenter was
present and depending on the condition, sat either alongside or
behind the participant (see the “Experimental conditions” section
below).
Before the test session, the participants underwent a training
session in an empty environment (with only streets), in order to
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familiarize them with the equipment and the VE with a different
spatial layout from that of the town subsequently used for the test.
The objectives of this training session were twofold: to provide
participants with an initial experience of a VE, and to familiarize
them with control of the virtual car. The training session lasted
until participants felt familiar with the equipment; they were free
to navigate anywhere in the training period.
Participants were then requested to explore the experimental
environment by active or passive navigation (as the driver or pas-
senger of a virtual car). Subjects were encouraged to pay attention
to as much detail as possible (i.e., details, spatial locations, and
temporal order) of the different scenes/events encountered during
their navigation (“What,”“Where,” and “When”), since they would
subsequently undergo a memory test (intentional encoding). An
example of a scene not presented in the experiment was shown as
a picture before the exploration, to ensure that the participants
understood what they had to memorize. They were randomly
assigned to one of the four conditions:
(1) A “passive” condition (memorize without driving or choos-
ing the itinerary) where each participant was just a passenger
while the experimenter drove the car. The visual informa-
tion displayed to each passive subject was the same as that
of a subject who interacted with the environment. This con-
dition served as a baseline condition compared to the three
“active” experimental conditions requiring different processes
(itinerary or navigation control) (see Figure 2).
(2) An “IC” condition (memorize and choose the itinerary with-
out driving) was tested. Participants were passengers of the
car and could choose the direction (left or right), by verbal
instructions to the experimenter, at each intersection. This
condition required participants to interact with the VE just
at a purely cognitive “decisional” level. In the following two
conditions, participants were “physically active” as driver of
the car, but they were requested to follow a given itinerary
(indicated by the experimenter).
(3) A“Low Navigation Control (LNC)”condition (memorize and
move the car on rails) in which each participant could displace
the car on rails, manipulating only the pedals (a gas pedal to
control the speed and a brake pedal to stop). Pressing the ped-
als controlled the speed but there was no enactment of the
movement associated with the direction (such as turning the
steering-wheel).
(4) A “High Navigation Control (HNC)”, condition (memorize
and drive) similar to ordinary driving in which each partici-
pant drove as in real-life, manipulating a steering-wheel and
pedals. He/she could interact with the environment by press-
ing pedals for speed control of the vehicle and by turning the
steering-wheel to control the direction of the vehicle trajectory
in the virtual town.
Finally, in order to better standardize subjects’ attention to dif-
ferent features of the environment in the different conditions (i.e.,
more time spent viewing this or that detail), each participant was
informed that he/she would be stopped at each set of traffic lights
until it changed to green (5 s). In the navigation conditions, par-
ticipants were instructed to stop and restart their car at each traffic
light. Driving speed was limited so that participants could neither
drive above a set speed nor stop anywhere in the town apart from
traffic lights.
VR episodic memory assessment (VR–EM test)
After exploring the virtual town, all participants underwent a series
of memory tests previously validated in VR–EM studies compar-
ing young and older adults after immersion in a VE (Plancher et al.,
2010, 2012).
Free recall test. Immediately after the navigation, the participants
were asked to verbally report the elements of the scenes/events
encountered during their navigation (what) and indicate for each
of them the different components (for 10 min):
– To test the memory of the content information (“what”), they
were asked to try and remember each scene/event with associ-
ated elements and to give the most salient “details” accompany-
ing these elements [e.g., “I saw a car crash between a yellow car
and a blue car (event), a woman with a blue t-shirt witnessed
the accident (salient element)”].
– For each scene/event previously recalled, the participants were
requested to report its location from their viewpoint and if they
had turned to the left or to the right after seeing it. They had
to situate each scene roughly either at the beginning, the mid-
dle, or the end of the circuit, and then to report their temporal
order to test the sequential order in which they met them. This
allowed us to obtain information about the association between
the visual perception of the scene and the spatial egocentric
“where” and temporal “when” components.
– At the end of free recall, the Remember/Know paradigm (Tul-
ving, 1985; Gardiner, 2001) was proposed asking participants
if they remembered (or just knew) the details of their naviga-
tion. They were asked to provide the intensity of their sense
of remembering (using an analogical scale from 0 to 5, corre-
sponding respectively to no re-experiencing and to very vivid
re-experiencing) and then to provide some additional vivid spe-
cific details such as thoughts and feelings associated to a specific
instant to prove the ability of mentally re-experiencing a specific
moment during the navigation.
Visuo-spatial recall test. In order to test the memory of the visuo-
spatial combination of the “what,” the “where,” and the “when”
components, participants were asked, immediately after the free
recall, to locate scenes (with associated elements) on a real map
supplied by the experimenter for 5 min. Each participant saw a
map of their own itinerary.
Delayed free recall test. Twenty minutes after the Visuo-spatial
recall test, the participants were asked to verbally report again the
different elements of the scenes encountered during their naviga-
tion (what) and indicate for each of them the different (details,
where, when) components (for 10 min).
Recognition test. After the delayed free recall test, participants
underwent a brief visual recognition test. A series of 10 images
were shown on a computer screen to test recognition for the item
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FIGURE 2 |The four experimental conditions assessed during the virtual exploration in theVR–EM test.
of information (“what”). For each image, the participants were
shown two snapshots of scenes. They had to decide which of the
two displayed scenes was or not in the virtual town. Their response
had to be based on the scene, and additionally on elements in the
scene and on the spatial location of elements in the scene.
Scoring
Free recall test. Quantitative scoring was done for each of the 16
scenes viewed in the VE to evaluate event features recollection.
– The recall of items (“what”) was evaluated out of a possible 57
points, namely 1 point per each of the 16 scenes (e.g., super-
market, post office, and a car accident) and 1 point per each
of 41 associated salient elements (e.g., the monkey statue, the
bus shelter, and the woman with a punk hairstyle). A percentage
of correct responses was calculated by dividing the number of
recalled items by the total number of possible items (57).
– “Binding” recall: For each recalled scene (“what”), we noted
if the participants recalled associated components (“perceptual
details,” “where,” and “when”). For instance, if they recalled the
scene “I saw a car accident,” we recorded whether perceptual
details were associated with it (e.g.,“one of the cars was yellow;”
“there was a women with brown hair who witnessed the acci-
dent”), as well as recalls of where and when they saw it (e.g.,
“I turned left just after seeing the car accident,” “It happened
after I passed the supermarket”). A score of bn corresponded to
the number of times the recall of a scene was associated with
additional n relevant information; n varied from 1 to 3. For
instance, a score of b2 corresponded to the number of times two
relevant recalls were associated to thewhat recall (e.g., temporal
and spatial recalls). For each bn score, we calculated a binding
percentage by dividing the number of correct bindings by the
total of scenes (what). We also calculated a total immediate and
delayed binding score by adding all the n information divided
by the number of scenes.
– Thanks to the Remember/Know paradigm, we obtained a score
of intensity of subjective sense of remembering (R) in terms
of percentage (score on the analogical scale divided by the
maximum of five) and a score of justified sense of Remem-
bering (justified R) by taking into account the percentage of
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R responses justified by the recall of internal details such as
thoughts and feelings associated to specific experiences during
navigation.
Visuo-spatial test. The location of elements on a real map was
scored based on the number of correct element locations on the
map (out of 57). A percentage was calculated by dividing the
number of items correctly located by the maximum number of
elements (57).
Recognition task. A total percentage was calculated by divid-
ing the number of correct responses by the total number of
questions (10).
RESULTS
BRIEF COGNITIVE ASSESSMENT
First, a series of analyses of variance (ANOVAs) with Age and Con-
dition as between-subject factors, followed by post hoc Tukey tests,
was performed on the scores of the brief cognitive assessment to
ensure that the participants were well matched across the four
conditions. For the memory scores, we obtained an effect of age,
but no effect of condition, or interaction. The older participants
were also well matched across the four conditions concerning
their cognitive flexibility and subjective memory complaints (see
Table 1).
EXPERIMENTAL MEMORY VR ASSESSMENT (VR–EM TEST)
A series of two-way ANOVAs was conducted with Age and Condi-
tion as the between-subject factors for each measure of the VR–EM
test (see Table 2). Moreover, to test the effect of delay of reten-
tion on free verbal recall scores directly, we carried out mixed
ANOVAs with Age and Condition as the between-subject factors,
and Delay as within-subject factor on the what and the binding
scores. Finally, we ran a mixed ANOVA with Age and Condition as
the between-subject factors, and Delay and Level of binding (b1,
b2, and b3) as within-subject factors. The effect sizes were repre-
sented with partial eta squared (η2). In agreement with Guéguen
(2009), we considered effect sizes as small for η2 < 0.06, medium
for 0.06≤η2 < 0.14, and large for η2≥ 0.14. To determine the
direction of the differences, we carried out post hoc Tukey tests.
We also carried out correlations between VR binding scores and
neuropsychological scores, then controlling for age.
FREE VERBAL RECALL SCORES
All the results are presented in Table 2. The effect of Condition in
both age-groups concerning the duration of navigation was mar-
ginally significant (p= 0.05, η2= 0.06) but a post hoc pairwise
Tukey test indicated no significant differences.
Items information
The ANOVARM Group×Condition×Delay showed a significant
main effect of Group [F (1,119)= 20.36, p< 0.001, η2= 0.15], of
Condition [F (1,119)= 4.83, p< 0.01, η2= 0.11], and of Delay
[F (1,119)= 24.54, p< 0.001, η2= 0.17], as well as a significant
Delay×Group [F (1,119)= 8.08,p< 0.01,η2= 0.07] interaction.
The young adults performed better than the older adults and
post hoc t -tests indicated that the participants in the IC con-
dition achieved a better performance than those in the Passive
(p< 0.05) and the HNC (p< 0.01) conditions (25.12 vs. 21.50 and
19.65%). The participants in the LNC condition performed better
than those in the HNC (p< 0.05) condition (22.65 vs. 19.65%).
The overall performance of the younger group was greater after
delayed than immediate recall (Delayed vs. Immediate: 26.66
vs. 23.09%, p= 0.001), whereas the performance did not differ
between the two recalls in the older group (Delayed vs. Imme-
diate: 19.96 vs. 19.23%, p> 0.10). Neither the Delay×Condition
nor the Delay×Group×Condition interactions were significant
[F (1,119)< 1,p> 0.10,η2 < 0.02 for both interactions]. Thus, the
effects of Condition on what performance did not vary according
to the delay and the age.
Binding
The ANOVARM Group×Condition×Delay showed a signif-
icant main effect of Group [F (1,119)= 46.51, p< 0.001,
η2= 0.29], of Condition [F (1,119)= 4.99, p< 0.01, η2= 0.11],
of Delay [F(1,119)= 13.50, p< 0.001, η2= 0.10], and a sig-
nificant Delay×Group [F(1,119)= 11.39, p< 0.01, η2= 0.09]
interaction. Post hoc tests indicated that participants who had
navigated in the IC condition performed better than partici-
pants who had navigated in the Passive (p< 0.05) and HNC
(p< 0.01) conditions (29.94 vs. 24.06 and 22.46%), and that par-
ticipants who had navigated in the LNC condition performed
better than those who had navigated in the Passive and the
HNC (27.83 vs. 24.06%, p= 0.06, and vs. 22.46%, p< 0.05).
The overall performance of the younger group was greater after
delayed than immediate recall (Delayed vs. Immediate: 33.04
vs. 30.82%, p< 0.05), whereas the performance did not differ
between the two recalls in the older group (Delayed vs. Imme-
diate: 19.69 vs. 20.93%, p> 0.10). Neither the Delay×Condition,
nor the Delay×Group×Condition interactions were significant
[F (1,119)< 1, p> 0.10, η2= 0.01 or η2= 0.03]. Thus, the effects
of Condition on binding performance did not vary according to
the delay and the age.
The ANOVARM Group×Condition×Delay× Level of bind-
ing (b1, b2, and b3) showed in addition a main effect of the Level
of binding [F (2,238)= 48.76, p< 0.001, η2= 0.30], and a Level
of binding×Group interaction [F (2,238)= 16.42, p< 0.0001,
η2= 0.12]. Post hoc tests indicated that for the young group, the
percentage of b2 was superior to the percentage of b1 and b3 (b1:
5.59%, b2: 21.09%, b3: 15.69%, p< 0.0001), and b3 was superior
to b1 (p< 0.0001). For the older group, the percentage of b2 was
superior to the percentage of b1 and b3 (b1: 9.56%, b2: 15.57%, b3:
6.73%,p< 0.0001),and b1 was superior to b3 (p< 0.05). Between-
group comparisons indicated a performance difference in favor of
the older group for b1 (p< 0.05), and in favor of the younger
group for b2 and b3 (p< 0.0001).
Finally, the Level of binding×Condition [F (6,238)= 3.39,
p< 0.05, η2= 0.07] interaction was significant (see Figure 3).
The binding profile differed between participants who navigated
in the Passive (b2> b1, p< 0.0001; b2> b3, p< 0.01, b1= b3)
and HNC (b2> b1, p< 0.05; b2> b3, p< 0.01, b1= b3) con-
ditions and those who navigated in the IC (b2> b3 & b1,
p< 0.0001; b3> b1, p< 0.05) and LNC (b2> b1, p< 0.0001,
b3> b1, p< 0.05, b2= b3) conditions. In other words, while there
was no effect of Condition for b1, there was an effect of Condition
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Table 2 | Mean and SD of theVR–MEM test according to the age-group and the experimental condition and results of the ANOVAs.
Score Experimental conditions ANOVAs
Passive (1) Itinerary control (2) Low navigation control (3) High navigation control (4) Age effect Condition
effect
Interaction
YA OA YA OA YA OA YA OA F(1,120) F(3,120) F(3,120)
Duration of the
navigation (s)
327.75 (52.99) 366.50 (40.22) 350.50 (43.73) 379.68 (51.07) 350.37 (89.91) 314.00 (45.57) 366.50 (85.54) 380.94 (85.24) 1.00
η2=0.00
2.61t
η2=0.06
2.12
η2=0.05
Verbal free
recall
What
(% Immediate)
21.38 (6.84) 18.31 (7.70) 25.88 (9.98) 22.25 (5.54) 25.71 (6.63) 19.18 (6.98) 19.41 (5.38) 16.99 (8.19) 11.52***
η2=0.09
5.60**a
η2=0.13
0.37
η2=0.00
What
(% Delayed)
25.76 (7.07) 17.87 (6.67) 29.00 (10.93) 23.35 (6.74) 28.07 (8.44) 19.73 (6.81) 23.79 (7.27) 18.42 (7.52) 24.98***
η2=0.18
3.29*b
η2=0.08
0.32
η2=0.00
Binding
(% Immediate)
29.17 (10.20) 19.01 (10.33) 34.11 (14.10) 25.65 (9.21) 34.38 (7.45) 20.96 (7.52) 25.65 (6.02) 18.10 (9.49) 31.02***
η2=0.21
5.65***c
η2=0.13
0.45
η2=0.01
Binding
(% Delayed)
30.86 (11.56) 18.62 (6.61) 36.46 (13.13) 23.57 (9.43) 37.37 (12.13) 19.40 (8.29) 27.47 (7.99) 17.19 (9.29) 53.69***
η2=0.32
3.54*d
η2=0.08
1.23
η2=0.03
Remember (%) 58.75 (11.47) 56.25 (16.33) 65.00 (13.66) 66.25 (12.04) 58.75 (13.60) 60.00 (16.68) 61.25 (11.47) 58.13 (10.46) 0.04
η2=0.00
2.06
η2=0.05
0.18
η2=0.00
Justified R (%) 36.43 (23.54) 21.70 (23.55) 18.23 (21.81) 38.40 (23.95) 34.29 (25.75) 30.09 (26.08) 32.06 (23.35) 20.25 (25.79) 0.71
η2=0.00
0.35
η2=0.00
3.27*f
η2=0.08
Visuo-spatial
recall
Location (on a
real map)
10.85 (4.13) 7.01 (4.45) 13.81 (6.49) 7.89 (5.20) 13.59 (5.05) 7.73 (3.93) 8.88 (4.13) 6.25 (3.74) 28.20***
η2=0.20
4.86e
η2=0.11
1.46
η2=0.04
Recognition Total score (%) 73.75 (10.24) 66.25 (12.04) 70.00 (15.95) 69.37 (9.97) 72.37 (11.17) 66.25 (18.21) 73.75 (16.68) 59.12 (19.73) 6.84**
η2=0.06
0.54
η2=0.01
1.62
η2=0.04
ANOVA age× condition: ***p< 0.001, **p<0.01, *p<0.05, tp≤0.06.
Post hoc Tukey pairwise comparisons on condition effect.
a1<2*, 2>4**, 3>4*.
b1<2t, 2>4*.
c1<2* & 3*, 2>4**, 3>4*.
d1<2t, 2>4*, 3>4t.
e1<2* & 3t, 2** & 3*>4; and condition× age effect.
fOA: 1<2*, 2>4*, YA: 1=2=3=4.
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FIGURE 3 | Main effects of condition (mean and standard deviation) for the mean immediate and delayed binding score in theVR–EM test according
to the level of binding and age-group.
for b2 and b3 (for b2: IC>Passive and LNC, p< 0.05, IC>HNC,
p< 0.05; for b3: IC= LNC>HNC=Passive, p< 0.05).
Remember responses
The ANOVA (see Table 2) indicated that no simple effect of Age
or Condition nor interaction was found for the Remember score,
but an interaction was found for the justified Remember score.
Older participants in the IC condition gave a higher percentage
of justified R responses compared to Passive and HNC conditions
(p< 0.05), while there was no difference between IC and LNC, and
LNC and HNC. There was no difference between the conditions
for the younger group.
VISUO-SPATIAL SCORE
The ANOVA on the score concerning the location of elements (see
Table 2) indicated a decrease with aging and a significant effect of
the condition regardless of the group. Those who were in the IC
and the LNC conditions performed better than participants who
were in the Passive (p< 0.05 and p< 0.06) and HNC condition
(p< 0.01 and p< 0.05). There was no other difference.
RECOGNITION
A decrease of performance with aging was observed for the total
recognition score (YA vs. OA: 72.47 vs. 65.00%). There was no
effect of condition or interaction (see Table 2).
CORRELATION BETWEEN VR–EM TEST AND NEUROPSYCHOLOGICAL
TESTS
As illustrated in Table 3, the mean VR binding score was sig-
nificantly correlated with visual memory (except for the passive
condition) and working visuo-spatial memory (including short-
term binding). In addition, VR binding scores were correlated
with executive function (shifting) for low and HNC conditions.
When controlling for age, all significant correlations vanished
except for the HNC. Indeed, the VR binding scores of participants
who navigated in the HNC condition still remained correlated
with visual memory, working memory, and executive function.
The partial correlation between binding scores and executive
function remained significant after application of the Bonferroni
correction.
DISCUSSION
Using a naturalistic environment created with VR, the present
study aimed to assess the distinctive role of decision or motor
control on feature binding, and to illuminate the relationships
between binding, form of encoding, and aging in order to suggest
new procedures that could improve feature binding by focus-
ing on the influence of action at encoding. We manipulated the
amount of active navigation and decision of the itinerary while
younger and older participants navigated in a virtual town trying
to memorize all the events they experienced. We then assessed EM
(e.g., what–where–when feature binding) via a series of imme-
diate and delayed verbal and visuo-spatial tests. Our main find-
ings showed that both LNC and the choice of the itinerary (IC)
enhanced EM performance in young and older participants. By
contrast, HNC and passive navigation did not help EM perfor-
mance in the two age-groups. The role of action, either active
navigation or decision, in EM is discussed as well as its influence
in aging.
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Table 3 | Correlations betweenVR binding mean scores and neuropsychological tests as a function of condition (n=36 per condition).
Age Verbal memory Visual memory Working memory Executive functions
Passive −0.47** 0.10 0.29 0.43** −0.31
Itinerary control −0.41* 0.33* 0.52** (0.37*) 0.33* −0.27
Low navigation control −0.72*** 0.31 0.62*** 0.67*** −0.43**
High navigation control −0.46** 0.32 0.53*** (0.37*) 0.55*** (0.42*) −0.58*** (−0.48**)
VR binding mean scores correspond to the mean of immediate and delayed binding scores; for neuropsychological measures (see Table 1 and brief cognitive
assessment).
Correlations in brackets remain significant after controlling for age.
***p< 0.001; **p<0.01; *p<0.05.
Correlations in bold remain significant after application of the Bonferroni correction of p= 0.002.
The benefit of active navigation on EM performance depended
on the amount of active control (high vs. low control) regardless
of the age. Although it is generally agreed that action at encod-
ing enhances memory by enriching memory traces in laboratory
settings (Engelkamp, 1998; Madan and Singhal, 2012; Zimmer
and Cohen, 2001), and that increasing body-based interaction
(i.e., translational and rotational body-based interaction) in par-
ticipants who navigate through a VE generally improves spatial
performances (Ruddle and Lessels, 2009; Ruddle et al., 2011),
sensorimotor interaction in VEs, compared with no interaction,
has not been always associated with better memory performance,
especially for factual information (objects, elements, and scenes
encountered, see also the Section “Introduction”). We postulated
that when active navigation control is too demanding for par-
ticipants’ cognitive resources (Gaunet et al., 2001; Chrastil and
Warren, 2012) it would not help EM performance. Consistent
with this hypothesis, we clearly found that the HNC condition
(i.e., ordinary drive-like manipulation of a steering-wheel and
pedals) was generally the worst way (similar to the passive con-
dition) to memorize episodic features from complex naturalistic
scenes in our virtual setting. This damaging effect was observed
whatever the VR measures (free verbal recall of What and Binding
information, free recall of visuo-spatial information), except for
the recognition of What information where no effect of condi-
tion was observed. In fact, HNC, like the passive condition, did
not help young or older participants’ high levels of binding (i.e.,
three pieces of information), contrarily to IC and LNC condi-
tions. Our hypothesis was that HNC (controlling both the pedals
and the steering-wheel in a complex VE) differed in the degree
of interactive motor engagement but also in the degree of execu-
tive/attentional load compared to LNC. This was substantiated by
correlational analyses revealing that memory performance during
HNC was mainly related to executive function regardless of the
age of the participants. Thus, these findings seem to confirm that
HNC acted as a divided attention condition that required a higher
level of attentional resources, regardless of the age of participants
(Craik et al., 1996; Anderson et al., 1998; Naveh-Benjamin et al.,
2005), which, in turn, impeded memory function.
By contrast, the effective role of low active motor control
resulted in significantly enhanced EM. Importantly here, we con-
firm a benefit of active navigation control, compared to passive
navigation, not only for visuo-spatial recall, as did previous studies
(Brooks et al., 1999; Péruch and Wilson, 2004; Wallet et al., 2011;
Plancher et al., 2012, 2013), but also for item memory (i.e., What
scores: scenes/events with perceptible details) and binding scores
(i.e., scenes/events situated in their specific spatiotemporal con-
text). Interestingly, this positive effect was larger for the binding
scores than for the What scores (e.g., no effect was noted for What
delayed scores). LNC in particular helped young and older par-
ticipants’ high levels of binding (i.e., three pieces of information).
The findings regarding What scores are in line with one study
showing that item memory for objects placed in the rooms of a
virtual apartment was enhanced by active (via a joystick) com-
pared to passive navigation (Sauzéon et al., 2011), and contradict
some other results showing no effect on item memory (Brooks
et al., 1999; Plancher et al., 2013). They also confirmed previous
results in aging (Plancher et al., 2012) where active navigation in
VEs (as the driver of a car) yielded a better recall of the item mem-
ory and spatial information, as well as binding in comparison to
passive navigation (as the passenger of the car). Therefore, the
present study did not confirm the assumption that active naviga-
tion would be helpful for the encoding of spatial information (that
is directly targeted by the action), but negative for the encoding
of items (because indirectly related to the action proper) (Brooks
et al., 1999; Plancher et al., 2013). This divergence may result from
differences in the experimental designs (Wallet et al., 2011; Chrastil
and Warren, 2012). For instance, instead of a joystick, active nav-
igation used here a higher body-based interaction with the VE,
asking participants to control the speed and the stops with ped-
als, not the turns. In this way, driving the virtual car was unlikely
to prove difficult, especially when cornering (where most of the
scenes and events were situated). Therefore, the LNC condition did
not appear to require a higher level of attentiveness, unlike HNC,
and interestingly this condition seemed to add an environmental
support at encoding, even for the elderly [see Luo and Craik (2008)
for a review], via motor action and driver assistance (Blankertz
et al., 2010). Moreover, instructions asked for intentional encoding
of elements and events with as much detail as possible, includ-
ing spatiotemporal situation and perceptive details, not only for
objects and spatial layout. Interestingly, the difference in the LNC
effect according to the What and binding scores could explain the
contradictory results regarding the effect of active navigation on
subsequent memory, as binding memory measures are more sen-
sitive to the enactment effect of active navigation. For instance, no
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effect of active navigation (compared to passive navigation) was
found in several studies using spatial memory measures (Wilson,
1999; Gaunet et al., 2001; Sandamas and Foreman, 2003; Fore-
man et al., 2005; Taillade et al., 2013), or item memory measures
(Brooks et al., 1999; Plancher et al., 2013), whereas such an effect
was previously found using feature binding measures of associ-
ated what–where–when information (Plancher et al., 2012). All
things considered, we can assume that after active motor control,
when the task does not require too high a level of cognitive control
(see Discussion above), memory of the scenes/events encountered
in VE are enhanced because they are enriched by a motor trace
at encoding that provides specific cues at retrieval (Engelkamp,
1998; Nilsson et al., 2000; Nyberg et al., 2001). As a result, it is sug-
gested that in large-scale naturalistic VEs, possibly like in everyday
memory, motor interaction can help integrated information with
item-specific and associative information (Eichenbaum, 2000;
Atienza et al., 2011).
The most interesting and novel finding of the present study
is that decision of the itinerary (IC) without any physical activ-
ity was remarkably effective in boosting EM in both young and
older participants. Although deciding has been related to exec-
utive/frontal functions (MacPherson et al., 2002; Denburg et al.,
2007), this was the best condition for enhancing EM. This bene-
fit was observed at immediate and delayed free verbal recall and
visuo-spatial recall (IC was generally significantly better than Pas-
sive and HNC, and similar to LNC), leading to the best levels
of binding. The crucial role of decision on memory encoding in
virtual navigation is in line with previous assumptions (Wilson,
1999; Bakdash et al., 2008; Chrastil and Warren, 2012; Plancher
et al., 2013). As far as we know, only two previous experimen-
tal studies have been published. In the VR study by Bakdash et al.
(2008), the effect of decision-making was compared to motor con-
trol on subsequent spatial memory of young adults, but there
was no passive condition. Performance was better when the VE
was learned with decision-only (similar to our IC condition, the
participant decided where to go by giving verbal directions to
the experimenter) or decision plus motor control, compared to
when only motor control was present (the participant only had
joystick control, the experimenter instructed participants where
to go). Using an experimental design very similar to the present
study, Plancher et al. (2013) found that decision-only on the itin-
erary enhanced subsequent item and spatial memory, compared
to passive navigation, while motor control-only benefited spatial
memory. The present study therefore provides new evidence for
the positive influence of decision-making on what–where–when
feature binding.
How can we explain this benefit of decision-making on EM?
This condition did not create body-based information of actions
like HNC and LNC, only subject-directed activity. The finding here
can nicely contribute to the debate on the mechanisms respon-
sible for the enactment effect (using SPT or active navigation).
The SPT literature attributes the enactment effect either to the
multimodal nature of a motor action (Engelkamp, 1998) or to
the involvement of subject-directed activity rather than motor
activity per se (Kormi-Nouri, 1995). According to some authors
(Wilson, 1999; Bakdash et al., 2008; Chrastil and Warren, 2012),
the effect of active navigation on subsequent memory might be
due to sensorimotor activity and the subject’s directed activity
(planning, decision-making, and attention). Neglecting to dis-
entangle these two facets might explain the inconsistent results
concerning the active–passive effect during virtual navigation. In
the present study, the decisional condition allowed participants to
have intentional control over the perceived environment during
encoding by making right–left turn decisions where most of the
scenes were situated. Thus, it appears that planning or deciding an
action directly associated with a scene was particularly efficient in
implementing binding processes representing the features of the
action and scene, creating the representation of a personal event.
As highlighted by Hommel (2004), integrating multimodal codes
are important for binding, and applies not only to sensorimotor
processing but also to action planning. In the same vein, Voss et al.
(2011) suggested that“volitional control” may improve the perfor-
mance in memory thanks to the interplay between distinct neural
systems related to planning, attention, and object processing. They
argued that such control improves EM performance because the
hippocampus is not only concerned by relational feature binding
(Eichenbaum, 2000; Ergorul and Eichenbaum, 2004), but also by
planning (Bird and Burgess, 2008; Viard et al., 2011). Moreover,
binding processes involved in the IC condition could be more or
less automatic (Van Asselen et al., 2006) mainly related to hip-
pocampal processes (performance after IC correlated with visual
memory performance) providing effective cues at retrieval rather
than related to executive/frontal control processes (there was no
correlation with executive function). We postulate that deciding
the itinerary and memorizing the scenes benefits from multi-
modal coding: e.g., specific information based on deciding the
itinerary, imagining the action (cornering), and viewing the imag-
ined/decided environment (comparing expectations with actual
scenes). Imagining a subject-directed activity or imagining per-
sonal future events (Buckner and Carroll, 2007; Schacter et al.,
2007; Maguire and Hassabis, 2011; Viard et al., 2012) depends to
a very large extent on the same neural network as real personal
actions or events. Along the same lines, Bakdash et al. (2008) con-
sider that the positive effect of IC may be related to the use of both
egocentric and allocentric representations (i.e., local and global
spatial information) of the environment, whereas motor control
may be achieved using just an egocentric representation. Egocen-
tric frames of reference specify route knowledge of spatial layout
from the perspective of a ground-level observer (e.g., eye and body
coordinates) navigating the environment and storing sequences
of combinations of scenes. Allocentric frames of reference specify
survey knowledge characterized by an external perspective, inde-
pendently of the viewer’s position, allowing direct access to the
global spatial layout. Further studies need to determine the most
crucial strategies that determine the enactment effect via IC in
virtual navigation (Dahmani and Bohbot, 2014).
Regarding the benefit of enactment in aging, even if we reported
a benefit of IC and LNC on memory in both young and older
adults, it must be acknowledged that these encoding conditions
did not fully compensate for age-related effects on EM (i.e., no
interaction between condition and age was generally observed).
This pattern has been found by manipulating other factors
known to enhance memorization such as self-reference process-
ing (Gutchess et al., 2007; Lalanne et al., 2013) or self-performed
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tasks (Feyereisen, 2009) during encoding: enhanced performances
are usually reported in aging, but older people still perform more
poorly than young adults. Regardless of the condition, a decrease
in performance with aging was found for event feature bindings
and we showed that the age-related decline was larger for the
binding scores than for the what scores, i.e., larger for associative
memory than for item memory (Parkin and Walter, 1992; Kessels
et al., 2007; Mitchell and Johnson, 2009). More precisely, we found
that older adults had greater difficulty in binding several pieces of
information with event content compared to young adults (i.e.,
binding with just one piece of information). The present study
confirms this point with a naturalistic paradigm, highlighting that
the binding difficulties in the elderly came from encoding. Indeed,
free recall performance remained stable after a retention time of
20 min, while the performance of young adults improved, and
age decline was persistent in recognition. These age-related effects
on feature binding were generally mediated by verbal (for IC)
and visual memory (for IC, LNC, and HNC), working memory
including short-term binding (for Passive, IC, LNC, and HNC),
and executive function (for LNC and HNC). This is in line with
previous findings in aging demonstrating that age decline in VR
navigation is mediated by composite processes including episodic
and working memory (Gyselinck et al., 2013), and executive func-
tion (Taillade et al., 2013), confirming age-related effects on both
the associative and strategic components of EM (Moscovitch, 1992;
Shing et al., 2008).
Interestingly, in older participants the IC condition was able to
boost feature binding and the capacity to mentally re-experience
the original navigation, providing personal details of a specific
moment. Both capacities are generally altered in aging (Parkin and
Walter, 1992; Spencer and Raz, 1995; Piolino et al., 2006; Mitchell
and Johnson, 2009). A subject-directed activity in the IC condi-
tion thus seems able to reduce age-related EM deficits (compared
to other conditions) by enhancing both the subjective (i.e., sense
of remembering or autonoetic consciousness, Tulving, 2002) and
objective aspects (i.e., contextual information) of specific events
memory. Moreover, although participants in each condition expe-
rienced similar first-person visual information (i.e., egocentric
VR exposure in the encoding phase), which is consider to alter
spatial memory in aging (Morganti and Riva, 2014), it may be
suggested that the IC condition induced the use of specific ref-
erence frames such as allocentric representations (Bakdash et al.,
2008), which have no impact on spatial memory in the elderly.
Future research is needed to investigate this important issue (Rug-
giero et al., 2009). This suggests that the IC condition may result in
enhanced EM performance in older adults by supporting multiple
memory aspects including allocentric representations (Morganti
and Riva, 2014), verbal processes (Brickman and Stern, 2009),
hippocampal-related processes (Voss et al., 2011), and future-
oriented behaviors (Buckner and Carroll, 2007; Schacter et al.,
2007).
Finally, despite its promising results, the present pilot study has
a few limitations that further research will be able to overcome.
First, the sample size of groups was rather small (16 participants
for each Condition×Age). Nevertheless, size effects were generally
large for age and medium for condition. Second, we used inten-
tional encoding, while real-life is generally concerned by incidental
encoding. In a previous study, we showed that the age-related
difference was similar for feature binding with both types of
encoding (Plancher et al., 2010), but it would be interesting to
further investigate the effect of navigation or IC using incidental
encoding. Moreover, since elderly memory performance is inher-
ent in egocentric and/or allocentric strategies on navigational tasks
(Morganti and Riva, 2014), our findings might be partly dependent
on the use of an egocentric VR exposure. This domain of research
could be interestingly extended to the comparison between healthy
aging and Alzheimer’s disease since the former is more specially
concerned by egocentric encoding (Iachini et al., 2009b; Morganti
and Riva, 2014) while the latter is more concerned by allocentric
encoding (e.g., map and GPS), or transfer from allocentric to ego-
centric representations (Morganti et al., 2013; Morganti and Riva,
2014; Serino et al., 2014). We can expect the IC condition to be less
effective than LNC in patients with Alzheimer’s disease, unlike in
healthy aging. A further important issue would be to substantiate
the findings using different reference frames (Committeri et al.,
2004; Avraamides and Kelly, 2008; Ruggiero et al., 2009). It will be
particularly interesting to test the impact of decision-making or
motor control by contrasting allocentric and egocentric strategies
on feature binding. Finally, future research should also include
a condition in which participants are both active in navigation
and decision on the itinerary. We did not plan this condition here
because it is the one that was generally addressed in previous VR
studies on spatial memory and that gave conflicting results. Our
objective in the present study was therefore to distinguish the two
components to clarify the pattern of results on effect of action
in VE regarding EM performances, especially as regards feature
binding. However, while we have shown that both LNC and IC
can boost EM, further research should investigate the effect of
combining the two as done by Bakdash et al. (2008) on spatial per-
formances. Although these authors did not find any differences
between decision-only and decision plus motor control condi-
tions, it can be assumed that this combined condition (LNC plus
IC) could help feature binding more than the two conditions sep-
arately, and could in this case reduce the difference between young
and old.
In conclusion, the novelty of this study was to highlight the
benefit of both IC and LNC in EM performance in young and
older adults, emphasizing the advantageous influence on long-
term feature binding. While this research needs to be continued
to strengthen its conclusions, the initial findings suggest that nav-
igational and decisional activity during real-life events should be
useful in aging to boost EM. It could encourage older adults to
use their own actions, both via active navigation and decisional
control, to boost the encoding of complex events in their daily
life. Moreover, it could be useful for EM training programs in
aging and patients with authentic EM deficits due to encoding
impairment, such as Alzheimer’s disease. Our study offers new
insights into the relationship between EM, different action related
processes, and aging, and opens up new avenues of research in
this area and training programs. Indeed, looking at the conditions
under which older adults’ EM can be enhanced, using condi-
tions somewhat similar to real-life settings that allow for increased
interaction with the environment is an important issue for future
research.
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